We have compared the promoter/enhancer structure of human polyomavirus JC (JCV) isolates from 11 progressive multifocal leukoencephalopathy brains. The duplications and deletions of the regulatory region were different in each patient, and usually only one sequence was found in each. The sites of strand breakage in the promoter were not random; four or five preferred sites or areas exist. Alignment of the JCV prototype Mad-1 regulatory region with the unduplicated archetypal structure defines six blocks of sequence, A to F. The preferred sites of strand breaks delineate these regions, although Mad-1 is an unusual promoter containing a break site not observed in other isolates, and an additional site is targeted in several promoters. Region A, containing the TATA box, and the first half of region C, containing several enhancer elements, and region E are consistently retained. Region B, the 23 bp insertion in the archetypal structure (relative to Mad-l) was also retained in all 11 isolates. Region D, the 66 bp insertion, was retained in isolates from three patients. Regions A and D were never duplicated, whereas regions C and E usually were duplicated or triplicated. Variation in the exact point of breakage within the preferred sites, alternative use of the sites in individual promoters and occasional short deletions at other sites result in sequences that are unique in each case. At the same time, the limited choice of break sites and the characteristic fates of the regions themselves result in three broad patterns of repeat sequences. The patterns do not correspond to the viral genotypes 1 and 2 defined by coding region base changes, and do not appear to be a stable feature of the virus. Rather, rearrangements appear to be generated in the host from a basic archetypal sequence.
Introduction
The human polyomavirus JC (JCV) is endemic in the world population, and the infection rate by adulthood is greater than 70% (Walker & Padgett, 1983) . JCV frequently establishes a latent infection in the kidney, as well as in other organs, and virus is sometimes reactivated and shed in the urine (Arthur & Shah, 1989) . Although the primary infection and reactivation are asymptomatic, under conditions of immune compromise JCV can cause the fatal demyelinating brain disease, progressive multifocal leukoencephalopathy (PML) (Padgett et al., 1976) . Once rare, PML is now a regular complication of AIDS (Stoner et al., 1986; Berger et al., 1987) .
In PML, JCV productively infects oligodendrocytes, and its growth in culture is efficient only in human fetal glial cells (Lynch & Frisque, 1991) . This narrow host cell range is determined in culture by the non-coding regulatory region (Kenney et al., 1984; Feigenbaum et al., 1987; Tada et al., 1989) , which contains functional binding sites for eukaryotic transcriptional factors and viral T antigen, and regulates bi-directional transcription of the early (large T and small t antigen) and late (capsid) genes (for review, see Frisque & White, 1992) . JCV has been considered neurotropic because PML is the only known lytic JCV infection. However, although JCV is endemic, PML is extremely rare, and a fatal brain infection does not readily suggest possible transmission modes. Therefore, the usual life cycle of JCV would appear to involve lower levels of growth in cells other than oligodendrocytes. Although the primary site of infection is unknown, the kidney is a likely secondary site because JCV, like other polyomaviruses, has been associated with this organ (Walker & Padgett, 1983; McCance, 1983; Hogan et al., 1991) , and excretion in urine provides an obvious means of egress from the infected host. In culture, low levels of JCV growth have been noted in B lymphocytes (Atwood et al., 1992) , embryonic kidney (Miyamura et al., 1985) , urine-derived epithelial cells (Beckmann et al., 1982) and endothelial cells (Fareed et al., 1978) .
The regulatory regions of JCV strains isolated from
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PML brains contain direct repeat sequences which can vary greatly in length between isolates (Grinnell et al., 1983b; Martin et al., 1985; Matsuda et al., 1987) . In contrast, viral genomes with an unduplicated promoter/ enhancer sequence have been isolated repeatedly from kidneys and urine (Loeber & D6rries, 1988; Yogo et al., 1990; Flaegstad et al., 1991 ; Tominaga et al., 1992) . The kidney-derived sequence may represent an archetypal form from which the PML-type promoters are derived by a small number of deletions and duplications (Yogo et al., 1990; Flaegstad et al., 1991) , as previously suggested for the closely related human polyomavirus BKV (Rubinstein et al., 1987; Sundst~ord et al., 1990) . However, the archetypal regulatory regions of JCV and BKV have not been shown to support growth in culture, and there has been no further evidence for its biological relevance, as most studies have used the prototype Mad-1 strain from PML brain (Padgett et al., 1971) . Previously, we demonstrated that JCV isolates from PML brain have either a type 1 or a type 2 genotype, defined by a stable pattern of point mutation at 20 sites in the coding region and three sites to the early side of the origin (Ault & Stoner, 1992) . In the present study we have compared the regulatory regions from these 11 JCV strains to determine their relationship to the archetypal structure. We asked whether the regulatory regions in these brain isolates are identical or related to each other and to published promoter sequences, which elements of the promoter/enhancer are consistently retained, duplicated, or deleted in genomes viable in the brain, and whether specific sites of cutting and joining in the archetypal sequence can be determined.
Methods
PCR amplification of viral DNA from brain. Total DNA was extracted from frozen brain tissue and 1 ~tg was used in 100 gl PCR as described by Ault & Stoner (1992) . PCR amplification consisted of 35 cycles of 94 °C for 0"5 min, 55 °C for 1 min and 72 °C for 1 min in a DNA thermal cycler (Perkin-Elmer Cetus). Taq polymerase and reagents were obtained from Perkin-Elmer Cetus.
Primers. Primers were: JRR-5, 5'TCCATGGATCCCTCCCTA-TTCAGCACTJ'TGT Y, nucleotides 4979 to 5009 in the prototype genome (Frisque et al., 1984) altered to create a BamHI site (underlined); and JRR-6, 5' TTTCACTGCAGCCTTACGTGACA-GCTGGCGA 3', nucleotides 315 to 285 altered to create a PstI site.
Cloning and sequencing. PCR products were recovered from agarose gels, cut with restriction enzymes BamHI and PstI and ligated into pBluescript SK+ vector (Stratagene), and transformed into Escherichia coli DH5ct competent cells (Bethesda Research Laboratories). Plasmid DNA was sequenced by the dideoxynucleotide chain termination method (United States Biochemical) with electrophoresis in 6% polyacrylamide denaturing gels. Overlapping sequence from both strands was determined.
Sequence data analysis. Sequence data were organized and analysed using the Genetics Computer Group sequence analysis software package (Devereux et at., 1984) on a VAX computer.
Results
The non-coding region between nucleotides 5011 and 279 relative to the prototype Mad-1 genome from the brains of 11 PML patients was amplified by PCR and the gel-purified fragments were cloned and sequenced. The sequences were aligned with the archetypal sequence (Yogo et al., 1990) by placing duplicated blocks on separate lines and leaving gaps where sequence was deleted relative to the archetype. The viral promoter/enhancer, between the origin and the ATG codon for the late genes, could be divided into six regions, based on sequences in the archetypal form that are missing from, or duplicated in, the prototype Mad-1 (Fig. 1) . In the regulatory regions from 11 PML brains, these divisions roughly define blocks of sequence that are deleted or duplicated and rejoined as units (Fig. 2) . However, the endpoints of these blocks are not fixed, and the lengths differ between isolates. Therefore, these six regions have been designated A to F, rather than by base pair length. These regulatory regions ranged from 244 to 329 bp in length with an average of 279 bp between the origin and the ATG codon for agnoprotein.
Three general patterns of rearrangement were seen. The most frequent, typified by about half of the isolates, features duplication of region C, deletion of region D and duplication of region E. This is the ' long duplicate' pattern (strains 102a, 102b, 103, 105, 202, 203 and 205 in Fig. 2) . The second pattern, the' short triplicate' pattern, is characterized by having the first portion of region C duplicated or triplicated, the second half of C and all of D deleted and region E present in three or four copies (strains 102c, 106 and 204). The main feature of the third pattern is retention of region D with a duplication of sequences either before or after it, the 'D-retaining' pattern (strains 101, 104a, 104b and 201) .
The junction of regions C and D (within about 10 bp) and the junction of D and E (within 13 bp), are the most frequent targets of strand breakage, usually resulting in deletion of region D. Strand breaks also occur frequently in the areas between regions B and C (within a range of about 12 bp), and between E and F (within about 14 bp), which permit duplication. The junction of regions A and B is apparently targeted with very low frequency, because, unlike the prototype Mad-1 strain, no breaks occur at that site in these isolates or in the majority of others (Walker & Frisque, 1986; Yogo et al., 1990; Frisque & White, 1992) . Additionally, there is a potential cleavage site in the middle of region C that contributes to formation of the short triplicate pattern. Short deletions can occur in the first part of F at various sites. Breaks occasionally fall outside these preferred areas, for example in strain 204 there is a duplication that begins and ends between the usual sites in region C. (Yogo et al., 1990 ) with the Mad-1 (Frisque et al., 1984) prototype sequence. The archetype sequence is divided into regions A to F by comparison with Mad-1. Diagram represents nucleotide 1 in the origin of replication (ori) to the ATG codon of the late gene.
The use of a limited choice of potential break sites and the different, characteristic fates of the regions themselves lead to the generation of patterns of rearranged sequence. Owing to variation in the exact point of DNA strand breaks within the preferred sites combined with the alternative use of the break sites, each sequence varies in the length of the repeats and deletions, and results in sequences that are unique in each individual. These patterns are not related to stable genotypes (type 1 or 2) defined by point mutations in the coding region and to the early side of the origin (Ault & Stoner, 1992) . Every virus isolated from that set of patients had either a type 1 or a type 2 genome, and here we have seen that all three patterns occur in both types.
Four to eight clones were sequenced from each brain and with two exceptions (discussed below) sequences from a single individual were identical. These results show that a single rearranged promoter generally predominates. The number of clones tested does not preclude the existence of other low frequency rearrangements, but is sufficient to demonstrate that there is not a mixed population of rearranged promoters in most cases.
In an exception to the above rule, three distinct regulatory region patterns were obtained from strain 102 out of eight clones sequenced. Five of the clones were an identical short triplicate (102c), two were a long duplicate (102a), and one was another long duplicate (102b). In contrast, five coding region clones from this type 1 strain were identical to each other, and the three typedetermining sites to the early side of the origin in all eight regulatory region clones were also of definitive type 1 virus (Ault & Stoner, 1992) , indicating a single infecting strain. Thus, the evidence indicates that one infecting viral genome has produced three different patterns of regulatory region rearrangement that could not be derived from each other. The second of the two regulatory regions grouped in the long duplicate pattern (Fig. 2) has two break points in common with the first sequence. However, it also contains different break sites and a short stretch of sequence not included in the first, and therefore is likely to be the result of a separate rearrangement event.
Two different but related sequences were obtained from strain 104. Two clones out of five tack the duplication of region E and part of F that is seen in the other three, and both sequences have an identical 12 bp deletion. This results in a regulatory region from a PML brain isolate that differs from the archetypal form only by the 12 bp deletion in region F (strain 104b) (Fig. 2) . As these two sequences share a unique deletion, they are unlikely to be the result of totally independent rearrangement events.
There is a very high degree of sequence conservation within regions A to F, such that no type-specific mutations and very few unique point mutations were seen in the promoter/enhancers (Fig. 2) . Therefore, sequence differences between viral archetypal genomes cannot account for the observed variety of rearrangement patterns, which assumes differential use of the set of preferred sites. However, it is of interest to note that the three D-retaining promoters, in strains D01, 104 and 20l, each have a unique mutation near a boundary of the region D sequence (Fig. 2 ). Whether these mutations disrupt an unknown signal sequence, preventing deletion of region D, cannot be determined from the data.
Retention or deletion of sequence blocks is not random in viable promoters. Three regions are invariably present: region A, containing the TATA box, approximately the first half of region C, and region E. Region B is also retained in all sequences in this study, although its deletion in Mad-1 (Frisque et al., 1984) indicates it is not indispensable. The second half of region C is retained with high frequency. Region F was usually retained intact in one copy, but sustained deletions at various sites in four of the isolates. Region D is deleted with high frequency. Duplications most often occur in regions C and E, and to a lesser extent in B and F. No duplications of region D were seen. Although Mad-1 has a duplication of region A so that it contains two TATA boxes, no isolate with a duplicate TATA box was found here. Although the promoter region contains consensus eukaryotic transcription elements throughout (see Fig. 2 and Discussion), apparently not all of them are essential for viral activity. There is no sequence present in the archetypal structure that is consistently deleted from, or duplicated in, PML brain-derived promoters.
The virus also demonstrates similarity with recognition signals for a cellular recombination system. At the junction of regions D and E are two overlapping areas similar to the minimal heptamer/nonamer of the V(D)J immunoglobulin-joining signal (Fig. 3) . The first four nucleotides of the heptamer, shown to be the minimum signal for recombinase recognition, and the two most important nucleotides of the nonamer (Hesse et al., 1989) are present with exact 12 bp spacing (Fig. 3) . The BKV promoter is also similar in this respect, with the 23 bp spacing. The mutations at the boundaries of region D noted above do not alter this V(D)J signal homology.
Discussion
The sequence of the viral promoter/enhancer was unique in each of 11 PML brain isolates, although three patterns of sequence deletion and duplication were discernible. The preferred sites of strand breakage between regions A to F are 10 to 15 base pairs long, and the choice of which sites were used differed between genomes. This resulted in a distinctive sequence in each case. Line diagrams of seven regulatory region sequences from such isolates have been compiled (Yogo et al., 1990) , and each of these appears to be unique as well. All of our isolates, as well as previously published ones, can be definitively classified as either type 1 or 2, based on stable sequence variations in the coding region and in the non-coding region to the early side of the origin (Auk & Stoner, 1992) . The regulatory region patterns completely lack correlation with the viral genotypes 1 and 2. Thus, neither the patterns we observed nor other proposed groupings based on regulatory region structure (Martin et al., 1985; Walker & Frisque, 1986) can be the basis of virus classification schemes because the promoter/enhancer sequence in PML brain isolates is not a stable feature of the virus. The simplest interpretation of our results is that rearrangements are generated in the host from a basic archetypal sequence within which there are preferred targets of strand breaks, allowing deletion or duplication of sequence blocks. The archetypal promoter has repeatedly been found in isolates from kidneys and urine by many laboratories (Loeber & D6rries, 1988; Arthur & Shah, 1989; Flaegstad et al., t991 ; Tominaga et al., 1992) . In contrast, no two PML brain isolates in this study, nor in others (Yogo et al., 1990) , had identical rearranged regulatory region sequences. There is evidence that the same viral genome is present in the brain and kidney of individual PML patients, with rearranged and archetypal promoters, respectively (Loeber & D6rries, 1988 ; G.S. Ault & G. L. Stoner, unpublished) . Since the PML-type promoters lack archetypal promoter sequence (see Fig. 1 ), the rearrangement is necessarily one-way, from archetype to PML-type. This strongly implies that the archetypal structure is the transmitted form of the virus.
The fact that patterns can be discerned indicates that sites of strand breaks allowing deletion and duplication are not random. Four or five areas in the promoter are targets: the junctions of regions B/C, C/D, D/E, E/F, and possibly also the middle of region C. Other sites are cut less frequently, including the junction of regions A and B, which was targeted in the Mad-I and Mad-4 promoters (Frisque & White, 1992) , but not in any isolates in this study. The endpoints of these regions are referred to as cuts or breaks, but this is not meant to imply that a non-DNA-cutting mechanism, such as DNA polymerase activity during replication, is discounted. The reason for the selection of these particular areas is unclear, but our results suggest a host cell DNAcutting or recombining activity that illegitimately targets the viral regulatory region. Several recombination activities are known to occur in mammals, such as homologous recombination (Eggleston & Kowalczykowski, 1991; Bollag et al., 1989) , viral integration (Yano et al., 1991 ; Wagatsuma et al., 1990) , immunoglobulin heavy chain class switching (Schatz et al., 1992; Leung & Maizels, 1992) and V(D)J recombination (Tonegawa, 1983; Schatz et al., 1992) .
One possibility is suggested by the observation that JCV, as well as BKV, contains regions similar to the signal region recognized by the immunoglobulin V(D)J recombinase system (Tonegawa, 1983) . V(D)J recombination can occur at a low level between a consensus signal sequence and a minimal heptamer homology or in the absence of any nonamer (Hesse et al., 1989) , or even between a signal and a non-signal DNA (Aster & Sklar, 1992) . Usually, signal-like sequences occurring randomly in the cellular genome are not used, possibly due to inaccessibility to recombinases (Yancopoulos & Alt, 1985), although illegitimate activity is documented (Fuscoe et aL, 1992) . The viral genome is probably accessible, and signal-like sequences might interact with a recombinase at a low level occasionally creating viable products. However, polyomavirus rearrangement notably occurs during tissue culture passage in nonlymphoid cells (Beckmann & Shah, 1983; Miyamura et al., 1980; Grinnell et al., 1983a) , suggesting that an activity common to most cell types is responsible. Also, if a host cell recombinase recognizes the site at the boundary of regions D and E, recombination at the other high frequency sites without similarity to signal sequences remains to be explained. Transcription regulatory elements (Leung & Maizels, 1992) and G-rich DNA motifs (Wuerffel et al., 1992) are also correlated with recombining activity. In this context, it is interesting to note that all three D-retaining promoters had a mutation at one or the other boundary of region D, raising the possibility that an unidentified signal sequence preferred for recombination was altered.
If low levels of identity to immune system or other undefined recombination signal sequences is the basis of rearrangement, it may occur infrequently. In fact, the usual finding of only one sequence in an individual suggests that rearrangement resulting in a viable promoter is an uncommon event. Strain 104 in this study contained two sequences that differed only by a duplication in one that was missing from the other. Precisely matching deletions in the two suggested that they resulted from the same initial rearrangement event. In a single case only, with strain 102, was more than one unrelated rearrangement seen. This 6-year-old patient was atypical in that PML is mainly a disease of the adult brain (Stoner et al., 1988) . The unusual presence of multiple rearrangements may reflect differences between the developing and adult brain. Also, the underlying immunosuppressive condition, congenital combined immune deficiency, may have been a factor in allowing either a higher rate of rearrangment to occur or a heavier viral infection resulting in a greater number of rearrangement events. A unique infecting genome was found by coding region sequencing of this brain isolate (Ault & Stoner, 1992) , suggesting that all three rearranged promoters arose from one viral genome.
When a rearranged genome arises, it has been presumed to have a transcriptional or replicative advantage over the archetypal regulatory region-containing one in glial cells (Loeber & D6rries, 1988; Frisque & White, 1992) , and to be clonally amplified by viral replication. However, we have seen here that there is no region of the archetypal structure that is necessarily either deleted from, or duplicated in, PML brain isolates. We have isolated a sequence from PML brain, strain 104b, that differs from the archetypal sequence by only a 12 bp deletion in region F. It is possible, of course, that a non-duplicated promoter requires rescue by the duplicated one, i.e. strain 104a. Although the archetypal configuration is inactive in glial cells (Dr R. Frisque, personal communication) , and therefore rearrangement was presumed to be an adaptation to growth in the brain, the nature of the required adaptation is not the straightforward loss of a single negative element or duplication of a unique positive one.
Distinct from the determinants of cleavage sites is the pressure to retain sequences necessary for promoter function. The TATA box and the first half of region C appear to be indispensable. This portion of region C contains an NF-1 binding site that is protected by NF-1 (Amemiya et al., 1989; Tamura et al., 1988) and is functional in JCV early transcription (Tamura et al., 1988) and replication (Sock et al., 1991) . The binding site for a potentially tissue-specific factor isolated from glial cells and found also in kidney coincides with the NF-1 site in region C (Kerr & Khalili, 1991; Amemiya et al., 1989; Major et al., 1990) . Also within this region is a consensus CRE-like or AP-1 element (Hai & Curran, 1991) immediately adjacent to the NF-1 site, which is bound by the Jun protein in vitro (Amemiya et al., 1992) .
Other transcription factor recognition sites occur in other parts of the promoter as well, but are not consistently retained. An alternative NF-I consensus sequence is found in the beginning of region F, and it is also protected in DNA-binding assays by NF-1 (Amemiya et al., 1989; Tamura et al., 1988) , although in several of our isolates a deletion in region F has completely or partially destroyed this site (strains 205, 101 and 104; Fig. 2 ). An additional AP-1 site in region F also binds purified Jun protein (Amemiya et al., 1992) . A consensus recognition sequence for the transcription factor Sp-1 exists in region B, and in the opposite orientation in region D. Sp-1 is necessary for simian virus 40 (SV40) transcription (Dynan & Chervitz, 1989) , and can bind to the Sp-1 homology region in BKV (Markowitz & Dynan, 1988) as well as the JCV promoter (Henson et al., 1992 ), but has not been shown to function in JCV. The Sp-1 site in region B is present in all promoters other than Mad-1, but the site in region D is usually removed. Sequences similar to the octamer element (Wingender, 1990 ) that is functional in SV40 expression (Gruda & Alwine, 1991) exist in the D and F regions. Although the octamer element has not been shown to function in JCV, no promoter has been identified that does not contain at least one of the potential recognition sites. The newly formed junctions created no additional enhancer motifs in these rearranged sequences.
A negative transcription element has been demonstrated (Tada et al., 1991) that binds a cellular protein (Khalili et al., 1988) , and it has been observed recently that this element may have differential effects on viral growth (Tada & Khalili, 1992) . This element is formed at the junction of regions A and C that is unique to Mad-1. This may represent a case of a new motif formed by rearrangement, but is not likely to be a significant feature of overall JCV biology because it does not exist in any other known JCV promoter. However, the beginning of region B, which follows A in most promoters, is similar to the same part of region C.
There is reason to believe that JCV can be actively induced by human immunodeficiency virus (HIV) infection because the Tat protein of HIV strongly induces JCV late transcription (Chowdhury et al., 1990; Tada et al., 1990 ). The JCV promoter was shown to have a Tat-inducible region similar to the TAR element of HIV (Chowdhury et al., 1992) in the centre of region C. It seemed possible that promoter rearrangements that would not be viable on the basis of immune suppression alone would be able to replicate in conjunction with HIV infection. However, all three patterns have been isolated from both AIDS and non-AIDS brains (Ault & Stoner, 1992;  Fig. 2 ), indicating that HIV infection does not confer viability on otherwise inert regulatory region rearrangements. In fact, one of the isolates from an AIDS-PML case, strain 106, had a short triplicate pattern of rearrangement in which the putative TAR-like element was deleted.
The fact that transcription elements are deleted in some of the genomes does not imply that they are not functional when present. The virus appears able to make use of more than one combination of enhancer/promoter elements; perhaps a balance of duplicated enhancers and deleted negative elements has been achieved in the rearranged promoters so that they are viable in the brain. For example, region D contains potential Sp-1 and octamer binding sites which may be used when present, and may account for the equivalent virulence of some of the D-retaining promoters which do not have the duplication of the first half of region C (strains 104 and 201) seen in most rearrangements.
The total length of DNA is another constraint on rearrangement possibilities. Short triplicate promoters, for example, have lost more of the archetypal sequence but the triplications of remaining regions makes them equivalent in length to other promoters. The D-retaining promoters contain an extra 66 bp, and they also have either limited duplication elsewhere or deletions of presumably non-essential segments of region F. Region D is rarely retained in previously described strains (see Yogo et al., 1990 and White, 1992 for compilation of patterns) but our results suggest that region D may simply be expendable, not necessarily deleterious.
In summary, the pressures determining the final rearranged promoter/enhancer sequence have been evaluated. Sites of breakage and rejoining are not random throughout the regulatory sequence, and some potential sites are targeted at a higher frequency than others. This may be determined by partial homology to signals for a cellular DNA rearrangement system(s), host genotypic differences in such a system, or mutations in the signals encoded in the viral sequence. Within these limits there is an element of chance as to which sites are cleaved and at exactly which nucleotide by a system that is acting aberrantly on the viral genome. Transcription elements, individually or in combinations, that are required for viability will be selectively retained. Overall length constraints may result in loss of expendable sequences or in non-essential duplications. Although various combinations of sequence elements appear viable, usually only a single rearranged form is found in an individual brain isolate, which suggests that rearrangement, especially to a viable pattern, is a rare event.
Further analysis of the state of the viral regulatory regions in various infected tissues will be required to identify the host tissue in which rearrangement occurs.
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